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Recent interest in proton transporting polymers is moti-
vated by the need to develop proton exchange fuel cells. A
key component in these fuel cells is the polymer electro-
lyte membrane (PEM), which serves as a medium for trans-
porting protons from the anode to the cathode [1–3].
Hydrogen molecules are converted to protons and elec-
trons at the negative electrode of the fuel cell. The protons
are transported through the PEM to the positive electrode
where it reacts with oxygen from the air to produce water.
The electrons generated at the negative electrode travel
through the external circuit and produce work before par-emical Engineering,
y of California, 201C
0) 642 8973; fax: +1
sara).
NC-ND license.ticipating in the oxygen reduction reaction at the positive
electrode. Both electrodes are porous to increase exposure
of the catalysts to the reactants. There is a need to provide
proton- and electron-conducting channels in the elec-
trodes because both species are involved in the electrode
reactions. Proton-conducting pathways are created by
mixing PEM into the electrodes while electronically con-
ducting pathways are created by mixing in conductive car-
bon. Nanometer sized platinum particles are examples of
materials that serve as catalysts.
The fuel cell is an open system, and the PEM is contin-
ually in contact with ﬂowing air, hydrogen, oxygen, and
water. The most widely investigated PEM is a random
copolymer of polytetraﬂuoroethylene and perﬂuorosulfon-
ic acid (PFSA), commercialized under the trademark
Naﬁon [1–4]. In the dry Naﬁon membranes, the PFSA
monomers self-assemble into ionic aggregates with char-
acteristic lengths of about 5 nm. When contacted with hu-
mid air, Naﬁon spontaneously absorbs water and this leads
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concentration, percolated water-rich channels are formed,
enabling proton transport. While it is clear that Naﬁon
contains hydrophilic and hydrophobic domains, the
morphology of the proton-conducting channels in hy-
drated Naﬁon has not been determined. The early hypoth-
esis of the ‘‘dumbbell model’’ suggested by Gierke [5,6]
where spherical nodules 4–5 nm in diameter are intercon-
nected by 1 nm wide channels, has given way to simpler
morphologies including a layered morphology [7,8], inter-
connected network of channels [2,9,10], and non-intercon-
nected cylindrical water channels [11].
This paper addresses the issue of designing membranes
like Naﬁon that contain cocontinuous hydrophilic and
hydrophobic domains when contacted with water. The
hydrophilic domains are typically soft and they provide
avenues for proton transport. The hydrophobic domains
provide the membrane with mechanical strength neces-
sary for withstanding stresses during device operation. It
is thus necessary that they be continuous. In principle,
the proton-conducting channels may be either dry or
wet. Most of the work thus far has been based on wet
hydrophilic channels. In this case, the ability of the hydro-
philic domains to conduct protons is closely related to the
hydration of the membrane.
The objective of this paper is to summarize the recent
efforts to determine the ideal size and geometry of the con-
ducting channels that facilitate proton transport. We sum-
marize work reported in relatively few papers [12–21],
where this issue is addressed. We cover work done on both
organic polymers and inorganic materials due to the simi-
larity of the underlying principles. The data suggest that
channels smaller that 6 nm in width are ideally suited for
proton transport. We do not attempt to review all of the lit-
erature on proton transport in fuel cell PEMs nor do we dis-
cuss the performance of fuel cells in any detail.
2. Review
In 2005, Liu et al. used photolithography to etch well
deﬁned aligned channels in a glass substrate [14]. They
also used glass capillaries of different sizes. The channel
widths covered by the experiments ranged from 50 nm
to 100 lm. We use the symbols d and r to refer to the
channel width and ionic conductivity, respectively. The
walls of the channels were functionalized with –SO3H
groups. Conductance through the channels was measured
after ﬁlling them with HClO4 solutions. The conducting
species in this system are thus H+ ions from both the –
SO3H groups on the walls, and the dissociated H+ and
ClO4 ions from the dissociated acid. It was found that the
conductivities of channels greater than 1 lm in width were
independent of channel width. The conductivities of chan-
nels smaller than 1 lm in width increased with decreasing
width, following a power law (r  d0.74). Liu et al. noted
that that if this power law was obeyed at smaller widths,
then the conductivity of 5 nm wide channels would be a
factor of 170 greater than that of the bulk solution. Their
data at d = 50 nm showed conductivities that were a factor
of 50 greater than that of the bulk solution. They argued
that the effect of channel width on conductivity wouldarise when the electric double layers at the walls of the
channels overlapped. They also noted that the effects they
observed were at widths that were orders of magnitude
larger than the width of the electric double layers. No sat-
isfactory explanation for this observation was provided.
These results suggest that decreasing the channel size
well below 1 lm is ideal for proton conduction. The work
also motivates the construction of materials with 1–5 nm
wide hydrophilic channels. There are two main factors that
limit the applicability of this work in designing PEMs. (1)
Naﬁon is a single-ion conductor, i.e. the negative ion is
bound to the polymer chain. Due to the strong constraint
of electrical neutrality, this conﬁnes the protons to the Naf-
ion membrane regardless of transport. The work of Liu
et al. deals with channels with added acid molecules.
While one could add free acid to increase the conductivity
of Naﬁon, in time, this acid would be washed away due to
the transport of water in and out of the membrane. The
question of how these results would apply in the absence
of added acid is an open question. (2) PEMs operate in con-
tact with humid air. In contrast the channels in the exper-
iments of Liu et al. were ﬂooded with acid solutions. The
important issue of retaining water within the channels
was thus not addressed.
Explicit measurements of proton transport through
channels with widths in the 1–5 nm range were reported
by Park et al. [17] in 2007. Unlike the case of Naﬁon, the
PEMs in this study comprised polystyrenesulfonate-block-
polymethylbutylene (PSS-b-PMB) copolymers. The self-
assembly of block copolymers in ordered morphologies in
both dry [22] and solvated states is well-established [23].
It is therefore not surprising that PSS-b-PMB copolymers
form well-deﬁned ordered morphologies when contacted
with humid air. Both in situ small angle neutron scattering
and cryogenic electron microscopy experiments were per-
formed on hydrated samples to determine the size and
geometry of the proton-conducting channels. The conduct-
ing channel widths were varied from 2.5 to 40 nm by vary-
ing the molecular weight of the block copolymers. The
water uptake and proton conductivity (measured by AC
impedance spectroscopy) of the membranes at equilibrium
were determined as a function of the temperature and rel-
ative humidity (RH) of the surrounding air. Dramatically
different behaviors were observed in samples with
d < 6 nm and d > 6 nm. In the case of the narrow channels
with d < 6 nm, the water content in the membrane in-
creased monotonically with increasing temperature at
ﬁxed RH. To our knowledge, this is the ﬁrst report of a
material that exhibits equilibrium antidrying behavior,
i.e. it absorbs more moisture as the temperature of the sur-
rounding air increases up to temperatures as high as 90 C.
In contrast, large channels with d > 6 nm dried up when
the temperature of the surrounding air was increased at
ﬁxed relative humidity. Two explanations have thus far
been identiﬁed to explain this behavior: (1) capillary con-
densation, i.e. the increase in vapor pressure of water when
it is conﬁned to narrow hydrophilic channels. A plot of the
vapor pressure of water conﬁned to hydrophilic capillaries
at 100 C reveals two regimes: a large width regime where
the vapor pressure is essentially 1 atm, and a small width
regime wherein the vapor pressure decreases rapidly with
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curs in the vicinity of d = 6 nm. (2) Thermodynamic mea-
surements on PSS-b-PMB membranes in contact with
humid air led to the conclusion that the partial molar en-
tropy of water in the membrane was signiﬁcantly larger
in the membranes with small domains than that in mem-
branes with large domains [16,18].
In 2009, Chen et al. studied a series of crosslinkable
block copolymers with varying domain size to determine
how transport properties were effected by cross linking
and domain size [12]. The speciﬁc system of study
was poly(norbornenylethylstyrene-s-styrene)-block-poly
(n-propyl-p-styrenesulfonate), which was referred to as
PNS-b-PSSP. The PNS blocks were cross-linked using a
Grubbs metathesis catalyst, while the PSSP block was con-
verted to the acid form of poly(styrenesulfonate) by hydro-
lysis of the propyl sulfonate ester group. Their analysis of
the resultingPEMs indicated thathydrophilic channelswere
present in the PEMs,with sizes ranging from6 to 20 nm. The
crosslinking resulted in mechanically and thermally robust
membranes. The proton conductivities of the membranes
were found tobe comparable toNaﬁon,with thebest perfor-
mance found in the smaller channel materials.
In 2008, Tang and Jiang reported on the development of
mesoporous supports for fuel cell catalysts [19]. Mesopor-
ous carbon was synthesized using phenolic oligomers as
the source of carbon and polyethyleneoxide-b-polypropyl-
eneoxide-b-polyethyleneoxide block copolymers as the
structure-directing agents. They thus obtained mesopor-
ous carbon with 5 nm wide pores. They also created meso-
porous composites with silica particles inside the pores of
the carbon by adding tetraethoxysilane, a source of silicon,
to the synthesis mixture. They contrasted the performance
of fuel cells with three different kinds of carbon as the elec-
tronic conductor: conventional carbon with no pores (C),
mesoporous carbon (MC), and silica-mesoporous carbon
composites (SMC). The performance of the fuel cell (cell
voltage as a function of current density) was best in the
case of SMC, followed by MC and C. They also showed that
the impedance of the cell was lowest in the case of the
SMC, followed by MC and C. They attributed the superior
properties of SMC to capillary condensation within hydro-
philic channels.
In 2009, Yan et al. added mesoporous silica with 4 nm
wide pores to conventional Naﬁon membranes and re-
ported enhanced conductivities at low RH values and im-
proved fuel cell performance [20]. Capillary condensation
was proposed as the reason for their observations.
In 2010, Moghaddam et al. created porous silicon mem-
branes by anodization [15] with 5–7 nm wide pores. This
was followed by adsorption of a monolayer of 3-mercapto-
propyltrimethoxysilane (MPTMS) to reduce the pore diam-
eter by about 2 nm. Finally the –SH group of the MPTMS
was replaced by –SO3H. The conductivity of the membrane
in contact with humid air improved dramatically with the
adsorption of the sulfonated MPTMS. Improved fuel cell
performance was also noted. Capillary condensation due
to reduction of the size of the pores after functionalization
was proposed as the reason for the observations.
In 2010, Chen et al. developed a comb polymer compris-
ing a polystyrene backbone with polar chains attached tothe meta-position of the benzene rings [13]. The polar
chains were capped with benzo-triazole groups capable
of anhydrous proton transport. The introduction of dodecyl
chains between the backbone and the benzo-triazole
groups led a periodic arrangement of proton-conducting
channels with d of about 2 nm. Periodic structures were
absent in the sample with no dodecyl chains between the
backbone and the benzo-triazole groups. The proton con-
ductivity of the sample with the dodecyl chains was a fac-
tor of 100 larger than that of the sample without dodecyl
chains.3. Conclusion
It is evident that domains with widths less than 6 nm
are ideal for both water retention and proton conductivity.
Further work, both experimental and theoretical, is needed
to understand the real reason for the emergence of this
length scale. It should be evident that the ideal domain size
will depend on the system of interest. For example, the re-
sults obtained with semi-crystalline hydrophobic domains
may be different from those obtained in amorphous do-
mains. Similarly, the morphologies that are ideal for proton
transport may not be suitable for transporting other ions
(e.g. Li+ or Na+).
It is our view that the current emphasis on building de-
vices with many of the newly discovered PEMs is mis-
guided. Large-scale implementation of fuel cell devices is
problematic due to many factors such as the cost and efﬁ-
cacy of the catalysts in addition to do the limitations of
current PEMs. A fundamental foundation for predicting
the water retention and proton conductivity of PEMs as a
function of chemical composition and domain size that in-
cludes effects such as capillary condensation, structuring
of water within narrow channels, charge screening, etc.,
would be valuable regardless of the commercial success
of fuel cells. Developing such a foundation will, however,
require establishing fundamental research programs that
do not emphasize applications.Acknowledgements
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